The heat liberated upon stress production in isolated cardiac muscle provides insights into the complex thermodynamic processes underlying mechanical contraction. To that end, we simultaneously measured the heat and stress (force per cross-sectional area) production of cardiac trabeculae from rats using a flow-through micromechanocalorimeter. In a flowing stream of O2-equilibrated Tyrode solution (ϳ22°C), the stress and heat production of actively contracting trabeculae were varied by 1) altering stimulus frequency (0.2-4 Hz) at optimal muscle length (Lo), 2) reducing muscle length below Lo at 0.2 and 2 Hz, and 3) changing extracellular Ca 2ϩ concentrations ([Ca 2ϩ ]o; 1 and 2 mM). Linear regression lines were adequate to fit the active heat-stress data. The active heat-stress relationships were independent of stimulus frequency and muscle length but were dependent on [Ca 2ϩ ]o, having greater intercepts at 2 mM [Ca 2ϩ ]o than at 1 mM [Ca 2ϩ ]o (3.5 and 2.0 kJ·m Ϫ3 ·twitch Ϫ1 , respectively). The slopes among the heat-stress relationships did not differ. At the highest experimental stimulus frequency, pronounced elevation of diastolic Ca 2ϩ resulted in incomplete twitch relaxation. The resulting increase of diastolic stress, which occurred with negligible metabolic energy expenditure, subsequently diminished due to the time-dependent loss of myofilament Ca 2ϩ -sensitivity.
WHEN AN ISOLATED CARDIAC MUSCLE, held fixed at both ends, is electrically stimulated, twitch force is produced. A consequence of this mechanical contraction is the simultaneous liberation of heat. Thus, the relationship between heat and stress (force per cross-sectional area) production provides insights into the complex thermomechanical processes occurring within the muscle.
In selecting suitable isolated multicellular tissue preparations for in vitro experiments, two important criteria have to be met. First, for an unambiguous interpretation of stress production, the myocytes should be aligned in parallel with the direction of force measurement. Second, to avoid the risk of tissue anoxia, the preparation should be sufficiently small in radial dimension for O 2 to diffuse into the muscle core under high rates of O 2 demand. The first criterion can be achieved using either papillary muscles or cardiac trabeculae. Compared with papillary muscles, cardiac trabeculae have cross-sectional areas an order of magnitude smaller. Thus, to satisfy the second criterion, cardiac trabeculae are preferable, owing to their minute radial dimensions (about that of a human hair), which greatly facilitates the diffusion of O 2 .
Using a flow-through micromechanocalorimeter (11), we simultaneously measured the heat and stress production of cardiac trabeculae excised from the right ventricles of rat hearts. Optimized in vitro metabolic conditions were achieved by continuous provision of O 2 and removal of waste products, enabling measurements to be made continuously for hours.
In this report, we describe 1) the heat-stress relationships found by variations of stimulus frequency, muscle length, and extracellular Ca 2ϩ concentration ([Ca 2ϩ ] o ) and 2) the thermomechanical processes associated with an increase of diastolic stress at the highest experimental stimulus frequency (4 Hz).
METHODS
Muscle preparation and solutions. Wistar rats (age: 2-3 mo, weight: 250 -350 g) were anesthetized using isofluorane before decapitation, thoracotomy, and cardiectomy. The excised hearts were plunged into a cold dissection solution to induce arrest. The aortae were cannulated, and the coronary vasculatures were Langendorff perfused with dissection solution, which was equilibrated with 100% O 2. Tyrode dissection solution contained (in mM) 130 NaCl, 6 KCl, 1 MgCl 2, 0.5 NaH2PO4, 0.3 CaCl2, 10 HEPES, 10 glucose, and 20 2,3-butanedione monoxime (BDM). pH was adjusted to 7.4 by the addition of Tris. BDM was added to terminate spontaneous crossbridge cycling and to minimize irreversible muscle damage during dissection (35) . This study was approved by the Animal Ethics Committee of The University of Auckland.
Unbranched and geometrically uniform trabeculae were dissected from the inner surface of the right ventricular free wall along with small block of tissue at either end. The trabecula was then transferred to the micromechanocalorimeter and superfused with experimental superfusate, the composition of which was the same as the dissection solution with the exception of the absence of BDM and an increase of [Ca 2ϩ ]o to either 1 or 2 mM. All experiments were performed at room temperature (ϳ22°C).
The micromechanocalorimeter. The principle of operation of the micromechanocalorimeter has been previously described in detail (11) . Briefly, it consists of three components: an open-ended, flowthrough microcalorimeter (43) , a silicon-beam force transducer, and a compound muscle-length actuator. The microcalorimeter comprises an open-ended measurement chamber upstream of an open-topped muscle-mounting chamber. Each end of the trabecula was maneuvered onto a platinum hook (glued onto a quartz arm) before being translated into the measurement chamber. The upstream quartz arm connects to the compound muscle-length actuator, and the downstream arm is attached to the force transducer. Two arrays of noncontact thermopiles sense the temperature of the superfusate upstream and downstream of the trabecula. As the superfusate flows over the respiring trabecula, the downstream thermopile array senses a higher superfusate temperature, the extent of which is proportional to the rate of heat production of the trabecula. During experiments, the micromechanocalorimeter is contained within an optically isolated and thermally insulated enclosure.
Experimental protocols. At a steady superfusate flow rate (1 l/s), the trabecula was field stimulated using 3-V, 5-ms pulses at 0.2 Hz, which were delivered via the platinum electrode (located in the muscle-mounting chamber), for at least an hour, during which time it was gradually stretched to its optimal length (L o; the length at which active force generation was maximal).
Experiments to determine the heat-stress relationships consisted of four interventions. In the first intervention, trabeculae were fixed at L o, and force was varied by varying stimulus frequencies (0.5, 1, 2, 3, and 4 Hz). The order of presentation of these "test" stimulus frequencies followed a 5 ϫ 5 Latin square design (Table 1) . Intercalated between each test frequency was a period during which the trabecula received the "reference" stimulus frequency (0.2 Hz). Under all conditions, twitch force was allowed to reach steady state before a step change of stimulus frequency. In the second intervention, muscle force was varied by a reduction of muscle length below L o. Muscle length was reduced stepwise using the low-speed muscle-length actuator (11) . At each step, steady-state muscle force and heat rate were measured in response to 0.2-and 2-Hz stimulus frequencies. At the end of this intervention, the muscle was relengthened back to L o, and force and heat were remeasured, thereby providing a test of recovery from the length-change intervention. The third and fourth interventions were the same as the first and second interventions, respectively, except for the difference in [Ca 2ϩ ]o (1 or 2 mM). Stimulus heat was quantified at the end of each experiment, in the absence of the trabecula. The stimulus heat was, on average, 0.31 W/Hz at a flow rate of 1 l/s when 3-V, 5-ms stimulus pulses were used. The rate of heat production by the trabecula was corrected for the stimulus heat retrospectively. Viscous heating, due to the mechanical work of deformation of the superfusate passing around the trabecula, was presumed to be negligible (31) .
Dynamic modulus. Using the high-speed piezoelectric musclelength actuator (11) , trabeculae (n ϭ 3) were subjected to lowamplitude (0.1-0.2% L o), 100-Hz sinusoidal length oscillations while actively contracting in response to electrical stimulation. Stimulus pulses were displaced randomly within Ϯ10 ms around the nominal stimulus frequencies (0.2 Ϯ 0.0001 and 2 Ϯ 0.0001 Hz). Muscle length perturbation (⌬L) at one end and the resulting oscillation of twitch force (⌬F) at the other end were recorded.
A sliding window of 40-ms width was advanced in steps of 1 ms through each steady-state twitch stress profile. In the sliding window, ⌬F and ⌬L traces were fitted with sinusoidal curves as follows:
where the coefficients A, B, C, and D were obtained through leastsquares optimization and t is time.
Dynamic stiffness (S) was calculated as follows:
Mean force was calculated as CFtC ϩ DF, where tC is time at the center of the window.
The dynamic modulus (M) then becomes
where L and A c are muscle length and cross-sectional area, respectively. Data acquisition. Force data were acquired at 50 kHz and heat rate data at 6.5 Hz using LabView 8.6 (National Instruments). Data were recorded using LabView SignalExpress 2009 (National Instruments).
Normalization. Assuming the geometry of each trabecula to approximate a circular cylinder, the heat rate was normalized to muscle wet volume and expressed in units of kW/m 3 , whereas the heat per twitch was expressed in units of kJ·m
. Muscle length was expressed relative to L o. Stress is the force divided by muscle cross-sectional area and was expressed in units of kPa. Diastolic stress was defined as that required to achieve complete relaxation between twitches, equivalent to the increment of stress above passive stress. Active stress was defined as the peak stress developed above the diastolic level. Active heat per twitch was calculated by dividing the rate of heat production by the stimulus frequency. Note that, since the normalization of both heat and stress are based on the same estimate of cross-sectional area, the form of any resulting heat-stress relationship is independent of assumptions regarding the cross-sectional shapes of trabeculae.
Intracellular Ca 2ϩ measurement. In a separate measurement chamber, trabeculae (n ϭ 2) were superfused with oxygenated loading solution ( ]i), the central portion of the trabecula (100 ϫ 250-m rectangular region) was illuminated via a spectrophotometric system (Cairn) at excitation wavelengths of 340, 360, and 380 nm. The emitted 340-to-380-nm fluorescence ratio was used as a measure of [Ca 2ϩ ]i. The compartmentalization of fura-2 was minimized by the slow loading (over a period of at least 2 h). Using an identical apparatus, Ward et al. (48) reported the results of five experiments (at 20°C) in which membrane permeabilization (using 25 mM digitonin followed by 2% Triton-X100) was carried out at the end of the day. These experiments revealed that Ͻ15% of the total fluorescence could be attributed to compartmentalization.
Statistical analysis. Data were fitted by polynomial regression using the random coefficient model within PROC MIXED (28) of the SAS software package (SAS Institute). Regression coefficients were assumed to have arisen from a multivariate normal probability distribution, i.e., the trabeculae used in this study were assumed to represent a random sample from the population of rat right ventricular trabeculae. Differences among regression lines were examined for statistical significance at P Ͻ 0.05. Values are presented as means Ϯ SE unless otherwise stated. 
RESULTS
Active stress development as a function of time. The adoption of a Latin square experimental design (Table 1 ) allowed the examination of the effect of time on the ability of the preparations to develop force. All the stress data at L o were plotted against experimental duration, as shown in Fig. 1A . A linear regression analysis was performed, which confirmed that the slope was not significantly different from zero. Thus, the effect of time on active stress development during the duration of an entire experiment was inconsequential (ϳ2% decrease after ϳ75 min of each of the four experimental interventions). This result was supported by the nonsignificant difference, at either value of [Ca 2ϩ ] o and either stimulus frequency (0.2 and 2 Hz), between active stress values at L o before reduction of muscle length (Fig. 1B, filled bars) and those measured after relengthening the preparations back to L o (Fig. 1B, open bars) some 60 -80 min later.
Simultaneous measurements of heat and stress production. Simultaneous measurements of heat and stress production on each trabecula were made using the flow-through micromechanocalorimeter (11) . Figure 2 shows typical records of muscle stress development and the rate of heat production. Upon an increase of stimulus frequency, the active stress decreased and the heat rate increased. A reduction of muscle length from L o resulted in a decrease of both stress and heat rate. Relengthening the muscle back to L o restored both the stress and heat rate values. Note that at higher stimulus frequencies (especially 4 Hz), the relaxation of stress at steady state was incomplete, resulting in the elevation of diastolic stress.
Negative heat-frequency and stress-frequency relationships. At L o , muscle thermomechanical behavior was examined at various stimulus frequencies in 1 and 2 mM [Ca 2ϩ ] o . Figure 3 shows the effects of stimulus frequency on muscle heat rate, heat per twitch, and stress at L o of a single trabecula (A, C, and E, respectively) as well as average data from the 10 trabeculae (B, D, and F, respectively) under steady-state conditions. Data from each trabecula were fitted with quadratic regression lines. For the 10 trabeculae, the regression lines were the average of those from all trabeculae. At both values of [Ca 2ϩ ] o , increasing stimulus frequency resulted in a decrease of active heat per twitch and active stress. Statistical analysis showed significant differences between the regression lines at 1 and 2 mM [Ca 2ϩ ] o for active heat per twitch and active stress as functions of stimulus frequency. Note that the profiles of the heat per twitch versus stimulus frequency relationships were qualitatively comparable with the stress versus stimulus frequency relationships. Diastolic stress was negligible up to a stimulus frequency of 2 Hz but increased subsequently. There were no significant differences between the regression lines of diastolic stress at 1 and 2 mM [Ca 2ϩ ] o . Curvilinear heat-length and stress-length relationships. The reduction of muscle length below L o enabled an examination of the effects of muscle length (Fig. 4) on the heat per twitch (A) and stress (C) of a representative trabecula and of the average of the 10 trabeculae (B and D, respectively). At steady state, the heat per twitch and twitch stress both decreased as muscle length was reduced below L o and the relationships were curvilinear.
It is interesting that, at both values of [Ca 2ϩ ] o , the plots of active stress and active heat per twitch for 0.2 Hz intersected the corresponding lines for 2 Hz. For the passive stress-length relationships, there were neither significant differences among regression lines for 0.2 and 2 Hz nor for 1 and 2 mM [Ca 2ϩ ] o . Linear active heat-stress relationships. As shown in Figs. 3 and 4, the profiles of the active heat-frequency and active heat-length relationships were qualitatively comparable with the profiles of the active stress-frequency and active stresslength relationships, respectively. To assess the correlation between active heat and active stress, we combined these data to plot heat-stress relationships. Figure 5 shows the results for a single trabecula (A and C) and for the average of the 10 trabeculae (B and D) under steady-state conditions.
In represent the 95% confidence intervals of the regression lines. The intercepts, but not the slopes, were significantly different between [Ca 2ϩ ] o levels. In Fig. 5C , the same data as shown in Fig. 5A were categorized into three groups. Group 1 (black) contains the data obtained at L o at various stimulus frequencies, group 2 (red) contains the data obtained at muscle lengths less than L o at 0.2 Hz, and group 3 (blue) contains the data obtained at muscle lengths less than L o at 2 Hz. Separate linear regression lines were fitted to the data from each group at both levels of [Ca 2ϩ ] o . Within a given level of [Ca 2ϩ ] o , there were no significant differences among the intercepts or among the slopes of the three groups. Between [Ca 2ϩ ] o levels, however, the intercepts were significantly different among the three groups. The data of 0.2 and 2 Hz obtained in the "varying frequency at L o " intervention before the "length-reduction" intervention were not significantly deviant from those obtained after relengthening the muscle back to L o . Note that these 4-Hz data (encircled) fell on the respective regression lines. Figure 5D shows the average regression lines of all 10 trabeculae split into three groups as in Fig. 5C . At each level of [Ca 2ϩ ] o , there were no significant differences among the intercepts or among the slopes for the three groups. In contrast, between [Ca 2ϩ ] o levels, the intercepts, but not the slopes, were significantly different for each of the three groups. Superimposed on the plots are the data points at L o (for the 6 stimulus frequencies examined) averaged across all 10 trabeculae. Again, the data of 0.2 and 2 Hz at L o obtained before reducing muscle length did not significantly deviate from those obtained after relengthening the muscle back to L o (as also shown in Fig.  1B) . The 4-Hz data (encircled) lie proximal to the regression lines at both values of [Ca 2ϩ ] o . Dynamic modulus. As demonstrated in the results shown in Fig. 5 , the 4-Hz data from either individual muscles or the average of all 10 trabeculae fell on the appropriate heat-stress regression lines, provided that active stress (total stress minus diastolic stress) was plotted against active heat. A possible explanation for this finding is that active heat is produced by the proportion of cross-bridges that is actively cycling, whereas the proportion of cross-bridges responsible for sustaining diastolic stress is bound but noncycling. Such "latch-bridges" would neither hydrolyze ATP nor produce heat. To test this hypothesis, we interrogated the status of the cross-bridges by measuring the dynamic modulus (see METHODS) of the preparations at various stimulus frequencies. Figure 6A shows the sinusoidal perturbation of muscle length (Ϯ0.0014 L o ) and the resultant oscillations on the steady-state twitch stress profiles in 2 mM [Ca 2ϩ ] o at 0.2, 2, 3, and 4 Hz. Muscle length was perturbed at a frequency of 100 Hz. Fully relaxed twitch stress occurred at 0.2 and 2 Hz, whereas incomplete relaxation was evident at 3 and 4 Hz. As shown in Fig. 6A , inset, the direction of oscillation of twitch stress followed the direction of oscillation of perturbed muscle length. Since the oscillation of muscle length was constant throughout twitch stress development, the amplitude of oscillation of twitch stress reflects the dynamic modulus (see METHODS) . For all the stimulus frequencies examined, throughout the time course of a twitch, the dynamic modulus progressively increased on its rising phase, became maximal at its peak, and progressively decreased on its falling phase.
In Fig. 6B , the dynamic moduli throughout the time course of twitch stress development are plotted against the magnitude of the twitch stress. The magnitude of the twitch stress is the mean value of stress at the center of the sliding window (see METHODS) . The arrows indicate the direction of time during twitch stress development. For all stimulus frequencies examined, the dynamic moduli were smaller on the rising phase than on the falling phase of twitch stress, resulting in the generation of "loops." The width of the loop was more pronounced at lower stimulus frequencies. The loops at higher stimulus frequencies were above those at lower stimulus frequencies. The lowest values of the dynamic modulus at 3 and 4 Hz were greater than those at lower stimulus frequencies. The measured magnitudes of dynamic moduli were in accord with reported values (25, 26) .
Effects of repeated bouts of 4-Hz stimulation. Because Henry et al. (13) showed that increasing glucose concentrations from 5 to 30 mM could reverse the decrease of systolic pressure and increase of diastolic pressure observed in isolated, isovolumically contracting guinea pig hearts, we performed an experiment in which we varied the concentration of glucose in the superfusate. We hypothesized that diastolic stress would vary inversely with glucose concentration and adopted the following order of presentation: 10, 20, 30, 5, and 10 mM glucose. As shown in Fig. 7A , under steady-state conditions and despite the slight but progressive diminution of active stress with time at 0.2 Hz (open circles), the active stress at 4 Hz (filled circles) increased and its diastolic stress (filled triangles) diminished. Note that the active heat per twitch correlated with the increased active stress (Fig. 7B) . Strikingly, the active stress (and active heat per twitch) at 4 Hz increased upon reducing glucose from 30 to 5 mM. In contrast, the diastolic stress at 4 Hz progressively declined. This result refutes our hypothesis and suggests, instead, that glucose concentration (at least above 5 mM) has little effect on trabecula performance.
Therefore, we performed a second experiment but with glucose held constant at its standard value (10 mM) to distinguish the effect of time from the effect of glucose concentration. The results are shown in Fig. 7 , C and D. Once again, under steady-state conditions, the active stress at 0.2 Hz and diastolic stress at 4 Hz decreased with time, whereas active stress and active heat per twitch at 4 Hz increased with time. This result provides further evidence that a superfusate glucose concentration above 5 mM is of no great importance.
It is worthwhile to point out that, despite the progressive diminution of diastolic stress and increasing active stress with time, the total stress (active plus diastolic) remained relatively constant. The active heat remained correlated with active stress rather than total stress.
The results shown in Fig. 7 eliminate a contribution from glucose concentration to the thermomechanical performance observed at 4 Hz and imply the involvement of some other, and time-dependent, mechanism. To that end, we examined the dynamic modulus as a function of time using the same data as shown in Fig. 7 . For the "varying glucose concentration" experiment (Fig. 7, A and B) , the dynamic moduli throughout twitch stress development for the first bout and the final bout of stimulation at 0.2 and 4 Hz, under conditions of steady-state twitch stress, were plotted against the magnitude of twitch stress (Fig. 8A) . At a given stress value, the dynamic modulus was greater during the first bout of stimulation (black: 0.2 Hz and red: 4 Hz) than during the final bout (blue: 0.2 Hz and green: 4 Hz). Note also that the dynamic modulus at diastole during the first 4-Hz stimulation period was greater than for the final 4-Hz period, suggesting that some latch-bridges were able to detach with repeated bouts of stimulation. Similar dynamic modulus results were obtained for the "constant glucose concentration" experiment (Fig. 8B) .
Diastolic [Ca 2ϩ ] i at a high rate of stimulation. Given the curious time-dependent diminution of diastolic stress at 4 Hz (Fig. 7, A and C, filled triangles) , we hypothesized that diastolic [Ca 2ϩ ] i is elevated with increasing stimulus frequency and that it progressively decreases as a function of time, causing the progressive diminution of diastolic stress. To test this, we used the fluorescent-based Ca 2ϩ indicator fura-2 AM and recorded the 340-to-380-nm emittance ratio as an index of [Ca 2ϩ ] i ; the results are shown in Fig. 9 . As shown in Fig. 9A We investigated these phenomena by examining dynamic stress-fluorescence phase-plane loops, the relaxation limbs of which index myofilament Ca 2ϩ sensitivity (46, 47) . Figure 9B shows rightward shifts of the relaxation trajectories of the dynamic phase-plane loops between the early and late bouts of stimulation at 0.2 Hz (a shifts to l) and 4 Hz (b shifts to k). The relaxation trajectory of the dynamic phase-plane loop for 2 Hz (m) is located between those for 0.2 Hz (l) and 4 Hz (k), as shown in Fig. 9C .
Within each bout of 4-Hz stimulation (the second bout, for example), the relaxation trajectories of the dynamic phaseplane loops shifted to the right (from c to f, as shown in Fig.  9D ). In contrast, those for 0.2-Hz stimulation shifted to the left (from g to j, as shown in Fig. 9E ).
DISCUSSION
To the best of our knowledge, our flow-through micromechanocalorimeter (11) is unique. In this study, we used it to make simultaneous heat and stress measurements in rat cardiac trabeculae superfused with O 2 -and glucose-rich superfusate under various stimulus frequencies, muscle lengths, and [Ca 2ϩ ] o . (Fig. 1) .
At sufficiently high stimulus frequencies (in particular, 4 Hz), incomplete relaxation between successive twitches was observed such that diastolic stress became elevated. Under this condition, active heat production correlates with the active (or developed) stress rather than total (active plus diastolic) stress. We explored the mechanisms contributing to the elevation of diastolic stress by 1) measuring the dynamic modulus to determine the status of cross-bridges, 2) varying exogenous glucose concentration to alter the metabolic supply, and 3) measuring [Ca 2ϩ ] i using fura-2 AM. The dynamic modulus during diastole at 4 Hz was high, suggesting rigor-like, non-ATP-hydrolyzing, latch-bridges (Fig. 6) . The examination of the effects of glucose revealed a time-dependent diminution of diastolic stress (and diminution of the dynamic modulus during diastole; Fig. 8 ) and the simultaneous increase of active stress at 4 Hz (Fig. 7) , thereby allowing us to rule out a role for O 2 or glucose insufficiency. The fura-2 AM experiments revealed a sustained increase of diastolic [Ca 2ϩ ] i and a time-dependent diminution of myofilament Ca 2ϩ sensitivity (Fig. 9 ). In the following discussion, we elaborate on each of these findings.
Micromechanocalorimetry. The flow-through system of the micromechanocalorimeter and the minute radial dimensions of cardiac trabeculae avoid the risk of anoxia in centrally located myocytes, allowing the preparation to withstand many hours of investigation with only negligible loss of contractility (Fig. 1) .
The use of platinum hooks, which are glued to quartz arms, provides securely coupled "tethering" of the preparations, sufficient to allow high rates of sinusoidal length perturbation for highly repeatable measurements of dynamic stiffness.
Active stress-frequency relationships. The negative stressfrequency relationship of rat papillary muscle was first revealed by Hoffman and Kelley (15) . It would now be generally agreed upon that that result was a consequence of high [Ca 2ϩ ] o (2.7 mM), despite being undertaken at 37°C. But there remains evidence that, even at physiological values of [Ca 2ϩ ] o , the stress-frequency relation is negative at subphysiological temperatures (32) (33) (34) 41) . Our experimental results are in accord (Fig. 3, C and F) .
A factor that could possibly contribute to the negative stress-frequency relationships at high stimulus frequency (Ͼ3 Hz) is O 2 insufficiency at the muscle core. Schouten and ter Keurs (39) showed that the steepness of the (negative) stress-frequency relation was greater in thick (diameter: Ͼ400 m) than in thin (diameter: Ͻ200 m) preparations. Similarly, Raman et al. (36) ascribed the negative sigmoidal relationship between stress and diameter to anoxia of the central core under high energy demand. In this study, we used thin cardiac trabeculae (mean diameter: 198 Ϯ 20 m) to prevent O 2 diffusion limitation. We are confident that we achieved this aim because of the progressive timedependent increase of active twitch stress with repeated bouts of 4-Hz stimulation imposed on trabeculae of 190 -200 m in diameter (Fig. 7) . Moreover, O 2 diffusion limitation cannot explain the negative stress-frequency relationship observed in either skinned cardiac muscle bundles (27) or isolated rat ventricular myocytes (5). ]o, respectively, where H is heat and S is stress. C: data in A were split into three groups: those from various stimulus frequencies at Lo (group 1; black symbols, in which the filled and open symbols distinguish data before and after the length-reduction intervention, respectively), those from 0.2 Hz at reduced muscle lengths (group 2; red symbols), and those from 2 Hz at reduced muscle lengths (group 3; blue symbols). D: averages of the 10 regression lines split into the three groups (as in C). Active stress-muscle length relationships. We found the active stress-muscle length relationships of rat cardiac trabeculae at 22°C to be curvilinear, consistent with findings of Janssen et al. (21) at 22.5°C. Such nonlinear behavior can be attributed to the absence of a sarcomere length control in our experiments, thereby allowing central sarcomeres to shorten at the expense of those at the ends of the muscle (44) .
One of the most interesting findings is the intersection of the active stress-muscle length relationships at 0.2 Hz with those at 2 Hz (Fig. 4) . Above this intersection point, the active stressfrequency relationships are negative (between 0.2 and 2 Hz). Below the intersection point they become positive, suggesting that the active stress-frequency relationships are muscle length dependent. A comparable finding has been reported by Freeman et al. (6) in the hearts of conscious dogs, in which the pressure-volume relationships at different heart rates intersect at the same point. We infer that the sensitivity of the myofilament to Ca 2ϩ is affected by the interplay between muscle length and stimulus frequency.
Active heat-stress relationships. Previously, the heat-stress relationship of cardiac muscle has been determined using papillary muscles (7-9, 22-24, 29, 30) . Although papillary muscles have roughly axially aligned myocytes, they typically have cross-sectional areas of ϳ10 times those of cardiac trabeculae. Thus, papillary muscles are at a greater risk of tissue anoxia, especially under high rates of O 2 demand. Moreover, the conventional myothermic technique requires the temporary withdrawal of bathing medium when making measurements, thereby allowing the accumulation of waste metabolites produced by the muscle. Our flow-through technique (43) avoids this issue.
At both levels of [Ca 2ϩ ] o , we found that active heat per twitch correlated linearly with active stress, in accord with the heat-stress relationships reported for rat (22, 23) and rabbit (8, 9, 24) papillary muscles. We found that heat-stress relationships were independent of stimulus frequency and muscle length, also in agreement with previous studies (7, 29, 30) on papillary muscles.
Doubling [Ca 2ϩ ] o from 1 to 2 mM resulted in an upward, parallel shift of the active heat-stress relationships, i.e., the same slope but increased heat intercepts. The slope provides an estimate of cross-bridge economy, which we define as the energy expenditure (heat produced) per unit stress development (9, 22, 23) . Its value is independent of [Ca 2ϩ ] o and was in reasonable agreement with values reported by Kiriazis and Gibbs (22, 23) in split papillary muscles from the rat. The extrapolated heat intercept is termed as activation (or stress independent) heat and is attributed primarily to the energy ] o was somewhat higher than that reported by Loiselle (29) at 2.54 mM Ca 2ϩ (2.77 mJ/g), using the myothermic technique with rat papillary muscle. Savio-Galimberti and Ponce-Hornos (38), using isolated whole rat heart preparations, Langendorff perfused at 25°C, reported a comparable value (2.2 mJ/g), albeit at 1 mM [Ca 2ϩ ] o .
Using our values of activation heat (H act ), the number of calcium ions sequestered by the sarcoplasmic reticulum per twitch can be estimated, following the procedure proffered by Widén and Barclay ( ] o , respectively. The sarcomere volume of intact rat cardiac trabeculae has been estimated to be 2.13 ϫ 10 Ϫ21 m 3 (20 Negligible metabolic expenditure of diastolic stress. The fit of the 4-Hz data on the active heat-stress regression lines (Fig.  5 ) and the correlation between active heat per twitch and active stress in the glucose experiments (Fig. 7) provide evidence that the heat liberated by trabeculae is a consequence of the active (or developed) stress produced, whereas the diastolic stress is attained with negligible metabolic expenditure. This phenomenon has been observed by Holubarsch et al. in rat papillary muscles (16, 17) and trabeculae (18) during hypoxic contracture in the absence of glucose. These authors attributed the contracture to the formation of rigor-like cross-bridges with very low rates of cycling, spending lengthy durations in the force-generating state with correspondingly low rates of energy turnover.
We determined the state of cross-bridges during a twitch by measuring the dynamic modulus. Muscle dynamic stiffness resides primarily in the cross-bridges (4) and reflects the number attached as well as their individual stiffness. Our results (Figs. 6 and 8) show that, at 4 Hz, the minimal value of the dynamic modulus remains elevated, implying either a greater number of attached cross-bridges compared with lower stimulus frequencies or increased stiffness of those already attached or both. In any case, the attached cross-bridges are either not cycling or else cycling slowly, and, consequently, either do not hydrolyze ATP or hydrolyze it at a much diminished rate, and thus liberate comparatively little heat, in accord with the hypothesis of Holubarsch et al. (16 -18) .
Might the putative appearance of latch-bridges reflect a dearth of ATP due to an inadequate supply of glucose to the tricarbocylic acid cycle? In support of this possibility, upon elevation of glucose concentration from 5 to 30 mM, a reversal of the negative stress-frequency relationship (between 0.5 and 3 Hz) in well-oxygenated rat papillary muscle has been reported (12) . However, our results (Fig. 7, filled circles) convincingly refute this proposition. In response to repeated bouts of 4-Hz stimulation, steady-state active stress (and, commensurately, active heat per twitch) increased progressively with time, independent of glucose concentration. This result rules out glucose insufficiency and, incidentally, provides evidence that the trabeculae remained well oxygenated at 4 Hz. The steady-state diastolic stress (Fig. 7, filled triangles) , in contrast, decreased with repeated bouts of 4-Hz stimulation, consistent with a diminution of the minimal value of the dynamic modulus (Fig. 8, red and green) .
Further evidence against metabolic limitation contributing to the rapid decline of diastolic stress at the cessation of 4-Hz stimulation arises from the following consideration (Figs. 2  and 9 ). The time constants of both the rate of O 2 consumption (V O 2 ) and the rate of change of P i concentration after a step change of work rate are simply too large. These values were given by Eijgelshoven et al. (3) as follows: V O 2 , 14.1 Ϯ 1 s at 28°C and 11.1 Ϯ 1 s at 37°C and P i , 5 s at 28°C and 2.5 s at 37°C. From these numeric values, corresponding values of Q 10 for each process can be calculated, and, from these, values of time constants at 22°C can be estimated. These estimates are 16.5 s for V O 2 and 8 s for P i , which are at least 10 time constants larger than the 200-to 300-ms interval after the step change of "workload" in our experiments. To explore the mechanism of time-dependent diminution of diastolic stress in the face of constant rates of heat production (Fig. 2) and constant elevated [Ca 2ϩ ] i , we graphed dynamic phase-plane plots of twitch stress versus fura-2 fluorescence ratio. The data shown in Fig. 9 are unequivocal. Either within (Fig. 9D) or between (Fig. 9A ) bouts of 4-Hz stimulation, there was a progressive, time-dependent, rightward shift of the relaxation limbs of the dynamic phase-plane loops. Following Varian et al. (46, 47) , we interpret this behavior as a time-dependent loss of myofilament Ca 2ϩ sensitivity. The reversibility of this process, upon a reduction to a lower stimulus frequency (0.2 Hz), was demonstrated by the progressive leftward shifts of the dynamic phase-plane loops shown in Fig. 9E .
Thus, the increase of diastolic [Ca 2ϩ ] i immediately upon a step increase of frequency is responsible for the initial step increase of diastolic stress. The subsequent slower diminution of diastolic stress, despite the constancy of elevated diastolic [Ca 2ϩ ] i , reflects a correspondingly slower loss of myofilament Ca 2ϩ sensitivity. A step reduction of stimulation frequency then allows the recovery of sensitivity. Such behavior we presume to be related to timedependent phosphorylation (40, 45, 46) and dephosphorylation of troponin I, respectively.
Limitations of the study. Our study has three methodological limitations. First, we were constrained to perform experiments at room temperature because of the open-ended nature of our heat measurement chamber (an innovation that allows the simultaneous measurement of muscle mechanics). Second, we were unable to exploit laser diffraction techniques to measure dynamic changes of sarcomere length because of the extreme light sensitivity of the thermopiles. Finally, optical restrictions imposed by the measurement chamber prevented us from viewing two orthogonal cross-sections of a specimen. Thus, we were unable to estimate the extent of ellipticity (10) of our trabecula preparations and had to assume a circular cross-section. Similarly, we were unable to estimate the fractional cross-section occupied by noncontractile (collagenous) tissue (37) .
Conclusions. At room temperature, in healthy, continuously superfused, ventricular cardiac trabeculae from the rat, both twitch heat and twitch stress bear negative relationships with stimulus frequency and curvilinear relationships with muscle length. The stress-length relationships at 0.2 Hz intersect with those at 2 Hz, implying a dependency of muscle length on stress-frequency relationships.
The active heat liberated is linearly correlated with the active stress developed. The active heat-stress relationships are independent of stimulus frequency and muscle length but are dependent on [Ca 2ϩ ] o . The parallel upward shift of the relationships at greater [Ca 2ϩ ] o implies greater metabolic expenditure from cycling of Ca 2ϩ by the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase. The fact that the active heat-stress data of the highest experimental frequency (4 Hz) lay on the heat-stress relationships reveals that elevated diastolic stress is attained with negligible metabolic expenditure due to the presence of attached but non-cycling and non-ATP-hydrolyzing cross-bridges and not because of a deficiency of O 2 or glucose supply. An increase of diastolic [Ca 2ϩ ] i initiates the elevation of diastolic stress. The subsequent diminution of diastolic stress, within and between repeated bouts of 4-Hz stimulation, reflects the time-dependent loss of myofilament Ca 2ϩ sensitivity. The loss of sensitivity is progressively regained in subsequent 0.2-Hz stimulation.
